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A mechanically actuated blade tip clearance control concept was evaluated in a non- 
rotating test rig to quantify secondary seal leakage at elevated temperatures. These tests 
were conducted to further investigate the feasibility of actively controlling the clearance 
between the rotor blade tips and the surrounding shroud seal in the high pressure turbine 
(HPT) section of a turbine engine. The test environment simulates the state of the back 
side of the HPT shroud seal with pressure differentials as high as 120 psig and temperatures 
up to 1000°F. As expected, static secondary seal leakage decreased with increasing tem- 
perature. At 1000°F, the test rig’s calculated effective clearance (at 120 psig test pressure) 
was 0.0003 in., well within the industry specified effective clearance goal. 


Nomenclature 


0 Flow factor, (*W«c)VTr 

psxa 

X distance between the inner diameter of the face seal and inner edge of the flexure seal, in. 
^ flow effective clearance where flow is choked, in. 

A flow Area where flow is choked, in. 2 
C Circumference of seal test section, in. 

fn measured mass flow rate, lb m /s 

R gas constant for air, 53.3 lb/-ft/lb m -°R 

T temperature, °R 

g c gravitational constant, 32.2 lb m -ft/lb/-s 2 

P s supply pressure, psia 


I. Introduction 

B lade tip sealing in the high pressure turbine (HPT) section of modern gas turbine engines is a chal- 
lenging problem that holds great potential for making significant improvements to engine performance 
and efficiency. Reducing the clearance between the blade tips and sealing shrouds can reduce specific fuel 
consumption (SFC), lower emissions, increase the compressor stall margin, and extend payload and mission 
range capability. Current systems used to regulate blade tip clearance rely on scheduled cooling of the outer 
case flanges to reduce clearance during cruise conditions. These systems are relatively slow and do not mon- 
itor tip clearance for optimization. An improved system was designed and fabricated based on a fast-acting, 
active clearance control (ACC) concept. 1 The ACC concept system uses real-time clearance measurement 
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coupled with a fast-acting mechanical actuation system to accurately adjust blade tip clearance. This study 
builds on work performed by Steinetz, et al. 2,3 that characterized the controllability and performance of 
the active clearance control concept at ambient temperature, and investigates its capabilities at elevated 
temperatures. 

A. Background 

Figure 1 is a cross section of the combustor and two-stage HPT of a modern gas turbine engine which 
shows the location of the HPT blade tip seal. 1 Blade tip seals line the inside of the stationary case forming 
a shroud around the rotating blades that limits the amount of gas spilling over the tips. Blade tip clearance 
varies both over the operating stages (e.g., ground idle, takeoff, cruise, decel, etc.) and life of the engine. 
These clearance variations are produced by loads on both static and rotating parts, as well as component 
wear. An active clearance control concept was designed by Lattime, et al. 1 to accommodate all of these 
sources of clearance fluctuation, including worst case clearance transients, such as those occurring in a “stop- 
cock” event where the engine would be shut down in flight, allowed to windmill, and then be restarted to full 
power. This concept was incorporated into a test rig (Fig. 2) which was evaluated at ambient temperature 
on the basis of actuator controllability and secondary seal performance by Steinetz, et al. 2,3 A more detailed 
overview of the ACC test rig is presented in the “Test Apparatus” section. By actively controlling HPT 
blade tip clearance, noted clearance fluctuations can be mitigated, and optimized, constant clearance levels 
can be established. 



Figure 1. HPT blade tip seal location in a modern gas turbine engine. 4 


Tighter tip clearance reduces the amount of air that spills over the blade tips and increases turbine ef- 
ficiency. This allows the engine to meet thrust and performance requirements while operating at lower 
temperatures, with less fuel burn, and lower rotor inlet temperatures. Decreased turbine operating temper- 
ature increases the service life of internal hot section components and extends the useful life of the engine 
between overhauls. A reduction in blade tip clearance of 0.010 in. would decrease exhaust gas temperature 
(EGT) by approximately 10° C. 5 Deterioration of the EGT margin is the primary parameter used to deter- 
mine when an engine is removed from service. The noted 0.010 in. clearance decrease would also reduce 
specific fuel consumption by 0.8 to 1%, and lower NO a ,, CO, and CO 2 emissions. Other benefits include 
enhanced payload and mission range capabilities. Additional discussion of the possible benefits of advanced 
active clearance control systems are presented by Lattime, et al., 5 GE, 6 and Wiseman and Guo.' 
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(a) Overall view (b) Close up 


Figure 2. Photographs of the active clearance control test rig: (a) Overall test rig; (b) Close up of two linked 
seal carrier segments. 


B. Objectives 

This work is part of a larger research effort to develop improved approaches for clearance control systems for 
use in the HPT section of large commercial aircraft engines. The current investigation augments previous 
studies that evaluated the performance of the ACC test rig at room temperature by characterizing the 
performance of the rig at elevated test temperatures. Primary focus was placed on determining the effect 
that elevated test temperature has on the secondary seal leakage of the ACC system. Specific goals of this 
study included: 

• Quantify improvements made to ACC seal components at room temperature and establish a baseline 
system leakage to compare with elevated temperature leakage rates. 

• Determine the effect of test temperature on static leakage at a given seal carrier position. 

• Determine whether the observed dependence of room temperature leakage on seal carrier position is 
still present at higher test temperatures. 

• Determine if direction of seal carrier motion (radially inward or outward) impacts high temperature 
seal leakage. 


II. Test Facility and Procedures 


A. Test Apparatus 

1. General Overview 

The ACC test rig (Fig. 3) was designed to simulate the temperature and pressure conditions of the 
environment surrounding the backsides of the turbine shroud segments. This rig is used to evaluate actuation 
systems in a “static” environment without blade rotation. Rig specifications were selected based on current 
engine requirements. Table 1 compares the main characteristics of the ACC test rig to a typical modern 
high bypass ratio engine. 

The Inconel 718 (Special Metals Corp., Huntington, WV) seal carrier assembly shown in Figs. 3 and 4 is 
a concept that would be used in a turbine to support the tip seals that surround the rotor. The assembly 
consists of nine individual segments that are connected through a series of Inconel 718 “links” (Fig. 4) to 
form a circular shroud. One connection between the link and carrier is a pinned joint, and the other is 
a slotted joint. Each link (9 total) is rigidly connected to an Inconel 718 actuator rod which is attached 
to a stepper motor that provides the radial motion needed to control simulated blade tip clearance. This 
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Table 1. Comparison of ACC rig design to the operating characteristics of a typical modern high bypass ratio 
engine. 2 


Parameter 

ACC Rig Design 

Reference Engine 

Shroud backside pressure (psia) 

150 

500 

Pressure differential (psid) 

120 

150 

Shroud backside temperature 
Current (°F) 

1000 

1250 

Future (°F) 

1250 to 1300 

1250 to 1300 

Diameter (in.) 

20 

30 

Shroud face width (in.) 

2 

2 

Number of shrouds/seal carriers 

9 

16 

Pressure induced load on actuator (lb/) 

1650 

1750 

Nominal clearance change (i.e., stroke) (in.) 

0.190 

0.050 

Clearance change rate (in. /sec) 

0.01 

0.01 

Clearance measuring techniques 
Current 

capacitance 

not used 

Future (under development) 

microwave 

capacitance/microwave 


kinematic arrangement allows for dilation of the seal carrier shroud when the actuator rods are moved 
radially outward and contraction when they are moved inward. Dilation of the seal carrier shroud increases 
simulated tip clearance, and contraction decreases clearance. Stepper motor control is implemented through 
National Instruments controllers and a series of algorithms coded in Lab VIEW (National Instruments Corp., 
Austin, TX). Details of ACC test rig control system are presented by Steinetz, et al. 2 



chamber 


lower 

housing 


seal carrier 
assembly 


stepper 

motor 


actuator 

mount 


radiant 
heater 
(lower half) 

air supply 
pipe (3 
locations) 


Figure 3. ACC test rig with housing lid and chamber cover plate removed. 1 


The seal carrier shroud is encased in a test chamber that is used to create the temperature (T3) and 
pressure (P3) conditions typical of the environment behind the blade tip seals in an actual HPT. The test 
chamber consists of an upper and lower cover plate, and inner and outer walls (Fig. 4). Hot, high pressure 
air is supplied to the backside of the seal carrier shroud through three penetrations of the outer chamber 
wall. The hot air (provided by a 35 kW inline air heater) heats the inside of the test chamber, and is the 
medium for evaluating seal leakage. The outside of the test chamber is heated by the upper and lower halves 
of a split annular radiant heater (Fig. 4). Combined, these two systems provide the heat needed to simulate 
the T3 environment. Additional detail of the ACC heater systems is provided by Lattime, et al. 1 
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2. Secondary Seals 

To maintain a significant positive backpressure and create the desired P3 pressure differential across the 
seal carrier shroud, multiple secondary seals are required. These seals are highlighted in Fig. 5 The top 
and bottom of the seal carrier shroud are sealed with face seals (Stellite 6b (Deloro Stellite Co., Goshen, 
IN)) secured in grooves in the upper and lower chamber cover plates and preloaded by E-seals (Waspaloy 
(Haynes International, Inc., Kokomo, IN)). The flow path between the individual seal carriers is blocked 
by thin, pressure activated flexure (spline) seals (Inconel X-750 (Special Metals Corp., Huntington, WV)). 
The flexure seals are inserted into precision slots machined into the ends of the seal carriers. When the 
test chamber is pressurized, the faces of the flexure seals seat on the low pressure side of the mounting slot 
(radially inward side) and seal along their top and bottom edges with the face seals. Since the flexure edges 
must mate with the face seals to sustain a backpressure, the stroke length of the rig’s actuation system is 
governed by the width of the face seal. The center of this stroke (flexure seals in the center of the face seal) is 
referenced as the nominal “home” position of the seal carrier shroud. Waspaloy C-seals are used to prevent 
leakage between the test chamber cover plates and the chamber wall flanges. Piston ring seals (Stellite 25 
(Deloro Stellite Co., Goshen, IN) and Inconel 625 (Special Metals Corp., Huntington, WV)) are used to 
minimize flow past the actuator rod and air supply locations. Additional information on the design of the 
test chamber and seal components is given by Lattime, et al., 1 and component leakage levels for each seal 
at room temperature are presented by Steinetz, et al. 2 
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Figure 5. Chamber detail showing seal locations. 


3. Instrumentation 

Simulated clearance values are continuously monitored during testing with four capacitance based prox- 
imity probes. Three probes are positioned at 90°intervals and the fourth probe is offset from the nearest 
adjacent probe by 30°. Probe details are listed in Table 2 Leakage values are collected using a mass flow 
meter. Specifications for the flow meter, pressure transducers, and thermocouples used to monitor the ACC 
test environment are provided in Table 3. 


Table 2. Clearance probe specifications. 


Maximum compensated temperature (°F) 

1500 

Measurement range (in.) 

0 to 0.125 

Accuracy (in.) 

0.0002 

Resolution (in.) 

0.00005 

Excitation voltage (V) 

15 

Probe diameter (in.) 

0.375 

Weight (lbs) 

0.04 


Table 3. Instrumentation specifications. 


Thermocouples 

Type K 

Accuracy (°F) 

± 4 

Pressure Transducers 

Accuracy (psi) 

0.12 

Range (psi) 

0 to 300 

Flow Meter 

Accuracy (lb m /s) 

0.0022 (1.2% FS) 

Range (lb m /s; SLPM) 

0.19; 4000 
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B. Improving Baseline Seal Performance 

Previous investigation of secondary seal leakage in the ACC test rig found an overall system leak rate of 

0. 139 lb m /s at room temperature when the seal carriers were centered at the home position and chamber 
pressure was 100 psig. 2 Since that study, significant work has been directed toward lowering system leakage. 
Better alignment of the actuators, rods, and their support tubes reduced off axis loading during actuation 
and enhanced sealing between the piston rings and the inside of the support tubes. Additional sealing 
improvement stemmed from wear-in of mating metal seal components (piston rings and tubes, face seals 
and seal carriers, flexure seals and seal carrier slots) that occurred during continued rig operation. Wear-in 
benefits were augmented by dressing the metal sealing surfaces to remove burrs and frictional abrasions 
incurred during testing, and coating them molybdenum disulfide solid film lubricant. This reduced seal 
carrier average surface roughness (R Q ) from 20 /fin. to 13 /tin. Combined, these efforts to reduced the 
overall system leakage (room temperature at 100 psig) to approximately 0.105 lb m /s (a 24% decrease from 
the original value) . 

C. Elevated Temperature Evaluation - General Procedures and Background 

Building on procedures used for room temperature evaluations of the ACC test rig, 2 additional seal leakage 
tests were conducted to characterize the performance of the system at elevated temperatures. Nominal test 
temperatures included 500°F, 800°F and 1000°F. To achieve these temperatures, the test chamber was heated 
internally with hot air supplied by a single air heater and externally by the radiant heater (Fig. 4). The two 
independent heat sources were ramped at equivalent rates (nominally 50°F /min.) to prevent the formation 
of significant thermal gradients across the test chamber and promote a uniform expansion of internal rig 
components. Due to the large thermal mass of the Inconel rig internals, actual heating rates were somewhat 
slower. To compensate for the temperature lag, the rig was subjected to a heat soak interval until monitored 
internal component temperatures equalized at the uniform, steady state value prescribed for the test. 

Prior to heatup, the nine seal carriers were centered about the rig’s central axis in range of the capacitance 
probes so their positions could be tracked during both heatup and testing. Previous room temperature 
investigations found some dependence of seal leakage on the radial position of the seal carriers. Increased 
leakage values were observed when the carriers were positioned radially inward of the nominal home position, 
and decreased leakage levels were noted as the carriers were moved radially outward of the home position. 2,3 
Based on these observations, leakage values for similar face seal/seal carrier positions were needed to make 
meaningful comparisons of seal performance for varied conditions. Capacitance probe clearance values alone 
did not provide sufficient seal location information for leakage comparison because the clearance readings are 
affected by thermal expansion of internal rig components. Experimental clearance values were combined with 
calculated thermal expansions of relevant rig components (based on first principles) into a new positional 
parameter, termed X (Fig. 6). X was defined as the distance from the inner diameter of the face seal to the 
inner edge of the flexure seal when positioned in its slot in the seal carrier. X accommodated seal carrier 
motion resulting from mechanical actuation, pressure induced displacements, and thermal expansion, and 
allowed the relative orientation of the face seals, flexure seals, and seal carriers to be readily determined for 
a given test temperature. With this information, accurate leakage comparisons were made between varied 
test conditions (pressure, temperature, etc.). When the seal carriers were at the home position, X = 0.250 
in. 

D. Test Specific Procedures 

1. Static Leakage Dependence on Temperature and Pressure 

The effect of test temperature on static seal leakage was evaluated at 500°F, 800°F and 1000°F. Prior to 
starting each test, the nine seal carriers were centered about the rig’s central axis and positioned radially 
inward of the nominal home position (X < 0.250 in.) in range of the capacitance probes. The test chamber 
was gradually heated using both the air and radiant heaters as previously described. Seal carrier clearance 
was monitored during this process, and as thermal expansion of the actuator rods pushed the seal carriers 
radially inward, the stepper motors were incrementally adjusted to move the carriers outward and maintain 
their position in range of the capacitance probes. Once the test chamber reached the desired steady state 
test temperature, the seal carriers were positioned to place the flexure seals approximately 0.125 in. from 
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the inner edge of the face seal (X = 0.125 in.). This location was selected because the seal carriers were in 
range of the capacitance probes for all three test temperatures without modifying the configuration of the 
probes, whereas at the home position they were not. Both metal and air temperatures were collected during 
all tests, but the air temperature inside the chamber, behind the seal carriers was referenced as the nominal 
test temperature. Leakage values were collected at chamber pressures ranging from 60 psig to 120 psig in 20 
psig increments. 

3. Static Leakage Dependence on Seal Carrier Position at Elevated Temperatures 

Tests were conducted at 500°F, 800°F and 1000°F to deter- 
mine whether previously noted static leakage dependence on seal 
carrier position was still present at elevated test temperatures. 

At each temperature, the seal carriers were incrementally moved 
across the available stroke range. The outer stroke limit was dic- 
tated by the range of the capacitance probes, and the inner limit 
was defined to prevent a kinematic “archbind” of the seal carri- 
ers (the inner limit decreased with increasing temperature due 
to thermal expansion of rig components) . The carriers were first 
positioned at the inner-most position (smallest X value), and 
then moved radially outward. Every 0.010 in. the seal carriers 
were stopped and static leakage data was collected for chamber 
pressures ranging from 60 psig to 120 psig, incremented in 20 
psig intervals. Chamber pressure was decreased to 10 psig prior 
to moving the seal carriers to stay within the load limitations 
of the stepper motors. (Note: Limited force capacity stepper 
motors were used for these studies but are being replaced with 
full capacity hydraulic actuators for future evaluations.) 

3. Effect of Seal Carrier Direction of Motion on Elevated Temperature Static Leakage 

Tests to determine the effect of seal carrier direction of motion on seal leakage at elevated temperatures 
were continuations of the tests used to investigate the influence of position on leakage. During these tests, 
when the seal carriers reached the outer-most position of the outward stroke, direction of motion was reversed, 
and they were actuated radially inward. Chamber pressure was again reduced to 10 psig prior to carrier 
movement to avoid stepper motor load limitations. Actuation was stopped every 0.010 in. during the inward 
stroke and leakage data was collected for test pressures ranging from 60 to 120 psig (increased in 20 psig 
increments). Test temperatures included 500°F, 800°F, and 1000°F. 



Figure 6. Graphical depiction of the X di- 
mension. 


III. Results and Discussion 


A. Static Leakage Dependence on Temperature and Pressure 

As expected, increasing test temperature significantly decreased seal leakage over the span of temperatures 
and pressures evaluated. Figure 7(a) presents a comparison of seal leakage vs. test temperature for a 
chamber pressure of 120 psig. When referenced to room temperature seal leakage at the same pressure, 
increasing the test temperature to 500°F decreased mass flow by 46%. Further temperature increases to 
800°F and 1000°F produced corresponding flow reductions of 62% and 64%, respectively (compared to room 
temperature condition data). The dominant mechanism relating seal leakage and test temperature has not 
been identified. However, when the mass flow rate vs. temperature data is converted to a flow factor, 


<t> = 


m\/T 

Ps 


(1) 


a similar trend of temperature dependence is observed (Fig. 7(b)). At room temperature, the calculated 
flow factor is 0.018 d bTn / sec )%lB . Increasing the test temperature to 500°F reduced the flow factor by 
28%. Further temperature increases showed that the flow factor decreased 39% from the room temperature 
value at 800°F, but then leveled off at 1000°F. Based on these observations, the temperature dependence 


NASA/TM— 2006-2 1 4464 


shown in Fig. 7 [a) in the 800 to 1000°F regime can be explained via normal gas density variation with 
temperature. At the lower temperatures, other factors such as temperature dependent clearances may be 
playing a role. Further investigation is required to identify which factors are the most prevalent in governing 
high temperature seal leakage. 



Nominal Chamber Temperature, °F 


(a) mass flow 



Nominal Chamber Temperature, °F 

(b) flow factor 


Figure 7. ACC seal leakage vs. chamber temperature at 120 psig, X = 0.125 in. Seal leakage expressed as (a) 
mass flow and (b) flow factor. 


Secondary seal leakage dependence on pressure (for all three elevated test temperatures) is highlighted in 
Fig. 8. As expected, increasing chamber pressure increased seal leakage, and for the test conditions evaluated 
herein, this increase appeared to follow a linear trend. This data was collected at a nominal X value of 0.125 
in., which corresponds to the data presented in Fig. 7(a). 
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Figure 8. Seal leakage vs. chamber pressure at 500, 800, and 1000°F (X = 0.125 in.). 


B. Static Leakage Dependence on Seal Carrier Position at Elevated Temperatures 

Seal carrier position had some influence on seal leakage at both 500 and 800°F. Figure 9 plots seal leakage 
vs. seal carrier position (in terms of X) for the 120 psig chamber pressure case. The highest leakage values 
at 500 and 800°F (0.063 and 0.050 lb m /s, respectively) were logged when the seal carriers were at their 
inner-most position (smallest X). As the carriers were moved radially outward, leakage levels decreased. 
Across the evaluated stroke range of approximately 0.055 in., seal leakage decreased by approximately 21% 
at 500°F, and by 26% at 800°F. This trend was not observed in the 1000°F leakage data. As shown in Fig. 
9, leakage values at 1000°F for the tested stroke range never deviate from one another by more than 0.002 
lbm/s, which falls inside the accuracy limit of the mass flow meter used in the study. Similar behavior was 
also observed at the lower test pressures. 



Figure 9. Seal leakage vs. seal carrier position (in terms of X) at 120 psig. 
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C. Effect of Seal Carrier Direction of Motion on Elevated Temperature Static Leakage 

Previous room temperature testing showed that static leakage is typically lower when recorded during an 
inward stroke of the seal carriers. 2 This trend does not appear to be consistently present at all elevated test 
temperatures. At 500°F a slight dependence on direction of seal carrier motion was observed. As shown in 
Fig. 10, lower leakage values were observed for X values ranging from approximately 0.105 in. to 0.130 in. 
when collected during the inward seal carrier stroke. The largest leakage reduction, 0.015 lb m /s, occurs at 
an X value of 0.118 in. Outside of that positional range, however, actuation direction does not appear to 
have an effect on seal leakage, considering the minor leakage variations and the measurement accuracy of the 
flowmeter (highlighted by the error bars). During the inward stroke at 500°F, a weak leakage dependence 
on seal carrier position is still observed. At the innermost position, a leakage of 0.065 lb m /s was recorded, 
and at the outermost position leakage was only 0.051 lb m /s. Figure 11 plots the 800°F data and shows no 
relationship between seal carrier direction of travel and seal leakage for X values larger than approximately 
0.125 in. At positions where X was smaller than 0.125 in., leakage values were slightly lower during the in- 
ward stroke, compared to leakages collected during the outward stroke across the same X range. At 1000°F, 
there were no discernable trends to suggest that direction of seal carrier motion has any influence on system 
leakage (Fig. 12). Any observed flow variations at that temperature were well within the error range of the 
mass flow meter. 



Figure 10. Static leakage dependence on direction of seal carrier motion at 500°F. 
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Figure 11. Static leakage dependence on direction of seal carrier motion at 800°F. 
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Figure 12. Static leakage dependence on direction of seal carrier motion at 1000°F. 


D. Comparison of Effective Clearance to an Industry Reference Level 

Low secondary seal leakage in an ACC system is critical to harvesting the improved efficiency benefits 
obtainable through tighter blade tip clearance in the HPT. As such, a practical benchmark is required to 
track rig performance across different builds and varying test conditions. By assuming isentropic flow with 
compressibility at the choked flow condition, a method for back-calculating effective clearances for the ACC 
test rig at multiple test conditions was derived. 2,8 The equation used for these calculations is: 

^ Afiow Tny/ R T 

flow = c - 0.6847^ P s C 1 j 


To obtain the desired benchmark for comparison, an effective clearance was calculated for a target leakage 
upper limit specified by industry engine designers. Based on the predicted benefits of tighter HPT blade tip 
clearances and the proposed location of the ACC system in the engine, designers deemed secondary leakage 
on the order of ~ 0.1% core flow (W25) an acceptable limit per seal location. Idealizing the ACC system 
as an elastic structure that could easily move inward and outward, two seals are needed for integrating the 


NASA/TM— 2006-2 1 4464 


12 


ACC concept into an engine, one on both the forward and aft sides of the seal carriers, placed between the 
seal carriers and their mating static structures. Based on these assumptions and the industry supplied flow 
reference level, the maximum allowable effective clearance for the ACC system is 0.0010 in. 

Figure 13 compares effective clearances calculated from the experimental ACC leakage data presented in 
Fig. 7(a) (improved room temperature, 500°F, 800°F, and 1000°F at 120 psig) and the industry reference 
level. All four experimental leakage values had lower effective clearances than the industry specified level. 
The room temperature leakage data had a calculated clearance of 0.0005 in. (50% of the industry reference 
level). As test temperature was increased, corresponding effective clearance decreased. By 1000°F, the 
calculated equivalent clearance was reduced to 0.0003 in. (30% of the reference value). 



Engine 70°F 500°F 800°F 1000°F 

Reference 

(Forward and aft 
seal locations 
combined) 


Figure 13. Calculated effective clearances for the ACC rig at 120 psig are lower than the industry engine 
reference level at all temperatures evaluated. 


IV. Summary and Conclusions 

An active clearance control system concept and associated high temperature test rig have been fabricated 
and installed. The system is being used to evaluate different kinematic, actuator, controller, and clearance 
sensor approaches to achieve a fast-acting, mechanical active clearance control system to allow tighter tip 
clearances in future turbine engines. Building on room temperature evaluations from previous studies, this 
investigation was conducted to characterize the performance of the ACC concept test rig at elevated test 
temperatures. Secondary seal leakage data was collected for temperatures of 500°F, 800°F and 1000°F at 
chamber pressures ranging from 60 psig to 120 psig. From this data, the following observations were made: 

1. Static seal leakage of the ACC system at elevated test temperatures was always lower than leakage 
observed at room temperature. Mass flow rates continuously decreased as test temperature was in- 
creased. At 1000°F and 120 psig chamber pressure, total system leakage was 0.038 lb m /s, a 64% 
decrease from the room temperature mass flow rate of 0.106 lb m /s for the same seal carrier position. 
Much of the leakage dependence on temperature in the 800 to 1000°F regime can be explained via 
normal gas density variation with temperature. At lower test temperatures, however, other effects such 
as temperature dependent clearances may also play a role. 

2. Static seal leakage at 500, 800, and 1000°F increased linearly as chamber pressure was incremented 
from 60 psig to 120 psig. The maximum leakage recorded during this test set was 0.057 lb m /s (500°F, 
120psig), and the minimum was 0.021 lb m /s (1000°F, 60 psig). 

3. At 500°F and 800°F, seal carrier position and direction of motion had a weak influence on secondary 
seal static leakage. Leakage values were slightly lower when the seal carriers were positioned radially 
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outward and higher when they were positioned radially inward. For select seal carrier positions at 
the same temperatures, seal leakage during an inward stroke of the seal carriers was moderately lower 
than corresponding values collected during an outward stroke. At 1000°F, there were no discernable 
trends to suggest any relationship between seal carrier position or direction of motion and secondary 
seal leakage. 

4. A comparison of effective clearances for the ACC test rig (back-calculated from experimental 120 psig 
leakage data) to an engine industry reference level showed that the ACC rig was significantly better 
at all temperatures evaluated. The greatest margin of improvement occurred at 1000°F where the 
experimental effective clearance was 30% of the industry reference level. 
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